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a b s t r a c t
Dendrites develop morphologies characterized by multiple levels of complexity that involve neuron type
speciﬁc dendritic length and particular spatial distribution. How this is developmentally regulated and in
particular which signaling molecules are crucial in the process is still not understood. Using Drosophila
class IV dendritic arborization (da) neurons we test in vivo the effects of cell-autonomous dose-
dependent changes in the activity levels of the cAMP-dependent Protein Kinase A (PKA) on the
formation of complex dendritic arbors. We ﬁnd that genetic manipulations of the PKA activity levels
affect profoundly the arbor complexity with strongest impact on distal branches. Both decreasing and
increasing PKA activity result in a reduced complexity of the arbors, as reﬂected in decreased dendritic
length and number of branching points, suggesting an inverted U-shape response to PKA. The
phenotypes are accompanied by changes in organelle distribution: Golgi outposts and early endosomes
in distal dendritic branches are reduced in PKA mutants. By using Rab5 dominant negative we ﬁnd that
PKA interacts genetically with the early endosomal pathway. We test if the possible relationship
between PKA and organelles may be the result of phosphorylation of the microtubule motor dynein
components or Rab5. We ﬁnd that Drosophila cytoplasmic dynein components are direct PKA
phosphorylation targets in vitro, but not in vivo, thus pointing to a different putative in vivo target.
Our data argue that tightly controlled dose-dependent intra-neuronal PKA activity levels are critical in
determining the dendritic arbor complexity, one of the possible ways being through the regulation of
organelle distribution.
& 2014 Elsevier Inc. All rights reserved.
Introduction
Neurons are highly polarized cells characterized by two types
of neurites: usually a single long axon and most frequently multi-
ple and shorter dendrites organized in an arbor. Dendritic arbors
display a signiﬁcant plasticity both during development and in
adult life. In the course of development their morphology con-
stantly changes as the arbors have to keep up with the growing
body size during the process of developmental scaling. In adult
life, dendrites can reshape in response to neuronal activity, but
also in response to neuronal damage upon disease or injury. Each
neuronal type has a distinct dendritic arbor shape, characterized
by its receptive ﬁeld and directly related to the function of
dendrites as signal receivers. The basic dendritic arbor morphol-
ogy is deﬁned early during development and it sets grounds for all
later dendritic morphological features. How this basic arbor
morphology is developmentally shaped, and in particular which
signaling molecules are critical in the process has not yet been
fully understood.
PKA is a central transducer of cAMP signaling in most animal
cells, and it plays a role in a variety of developmental and
physiological processes. As a tetramer of two regulatory (R) and
two catalytic (C) subunits, PKA is inactive. When cAMP levels are
elevated, cAMP binds to the R subunit and thus liberates the C
subunit, which then becomes active in the monomeric state
(Taylor et al., 1990, 2012a, 2005). In Drosophila, out of the three
genes encoding the PKA catalytic subunit, PKA-C1 is the principal
cAMP transducer and it performs most of the PKA activity (Lane
and Kalderon, 1993). Mutations in PKA-C1 have been reported to
cause phenotypes in a number of ﬂy tissues (Jackson and Berg,
2002; Jia et al., 2004; Jiang and Struhl, 1995; Lane and Kalderon,
1993, 1994, 1995; Lepage et al., 1995; Li et al., 1995; Pan and Rubin,
1995; Steinhauer and Kalderon, 2005).
In the Drosophila nervous system, PKA has been shown to be
required for learning and memory in adults (Davis et al., 1995;
Horiuchi et al., 2008; Yamazaki et al., 2007), for activity-dependent
neurite structural and functional plasticity (Tripodi et al., 2008;
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Yuan et al., 2011), and for axon growth cone motility in cultured
primary neurons (Kim and Wu, 1996; Yao et al., 2000). In the
vertebrate nervous system, cAMP/PKA signaling mediates numer-
ous functions such as neuronal survival and differentiation, neurite
outgrowth and axon guidance (Gao et al., 2000; Kao et al., 2002;
Liesi et al., 1983; Meyer-Franke et al., 1995; Ming et al., 1997; Rydel
and Greene, 1988; Song et al., 1998, 1997; Song and Poo, 1999).
In spite of the numerous studies on the function of PKA in neurons,
thus far there has been no thorough investigation on the requirement
for PKA during complex dendritic arbor development in vivo and in
the context of a whole organism. Moreover, no study has investigated
the role of PKA in dendrite development using loss-of-function
approach at the level of single-cell clonal analysis, which is the
strictest way of testing for the requirement of a gene in a cellular
process. Most of the past studies have focused either on the function of
PKA in adults, without taking into account its possible earlier involve-
ment in the development of dendrites (Davis et al., 1995; Yamazaki
et al., 2007), or they have focused on very specialized functions of PKA
such as activity-dependent dendrite remolding in larva (Yuan et al.,
2011), leaving thus open a possibility that one of the underlying causes
of the phenotypes found may have earlier developmental roots. In
addition, many studies on the function of PKA in neurons were
performed in cell culture and describe neurite development without
distinctions between axons and dendrites (Gao et al., 2000; Kao et al.,
2002; Kim and Wu, 1996; Liesi et al., 1983; Meyer-Franke et al., 1995;
Ming et al., 1997; Rydel and Greene, 1988; Song et al., 1998, 1997; Song
and Poo, 1999; Yao et al., 2000), leaving thus open the question of the
exact role of PKA in dendrite development.
For instance, a series of early ﬁndings in the mammalian cell
culture provided evidence for cAMP/PKA involvement in neuronal
differentiation and neurite development. In particular, the mammalian
studies showed that: – treatments with cAMP can push embryonic
carcinoma cells to differentiate to neurons (Liesi et al., 1983); – cAMP
analogs promote survival and neurite outgrowth in the cultured
neurons both independently of nerve growth factors (Rydel and
Greene, 1988); and also while acting downstream of them (Meyer-
Franke et al., 1995). However, these studies focused mainly on
neuronal differentiation and survival and did not address dendrite
versus axon morphogenesis. Other studies used cultured Xenopus
neurons to show that nerve growth cones respond to the same
guidance cue with opposite turning behavior, depending on the
cytosolic cAMP levels (Ming et al., 1997). For example, a gradient of
brain-derived neurotrophic factor normally triggers an attractive
growth cone turning response, but the same gradient can induce a
repulsive turning in the presence of a competitive analog of cAMP, or
of a speciﬁc inhibitor of PKA, indicating that in the presence of other
factors that modulate neuronal cAMP-dependent activity, the same
guidance cue may trigger opposite turning behaviors of the growth
cone during its pathﬁnding in the nervous system (Song et al., 1998,
1997; Song and Poo, 1999). Despite being very informative, all these
studies were performed in cell culture. Although one later study used
intact Xenopus embryos to demonstrate that cAMP/PKA signaling
mediates nerve growth-promoting action through the phosphoryla-
tion of synapsins (Kao et al., 2002), the impact on dendrites versus
axons was not assessed.
In parallel, Drosophila primary neuronal culture was also used to
study the role of cAMP/PKA on growth conemorphology and behavior.
Two mutants that cause altered intracellular cAMP levels, dunce and
rutabaga, were used to examine the effect of changing cAMP levels on
nerve growth cone behavior. It was found that growth cone explora-
tory movement was nearly arrested in the cultured neurons from both
mutant backgrounds, even though they change cAMP levels in
opposite directions. Interestingly, the growth cone motility was
restored by counterbalancing the effects of the two genes in double
mutants, indicating that dynamic control of growth cone motility in
developing Drosophila neurons requires optimal cAMP levels within
an operational range (Kim and Wu, 1996). A follow up study using a
co-culture of Xenopus embryonic myocytes and Drosophila neurons
showed that cAMP pathway plays an important role in the activity-
dependent regulation of transmitter release not only in the mature
synapses as had been previously established, but also in the develop-
ing nerve terminals before synaptogenesis (Yao et al., 2000). However,
these studies too, were restricted to the cell culture and did not
differentiate between the effects of changing cAMP levels on dendrites
versus axons. In summary, it remains unknown how important the
precise regulation of the intra-neuronal PKA activity levels for the
development of complex dendritic arbors in vivo is.
Because PKA is such a central signaling molecule that affects
numerous aspects of neuronal development and function, it is
crucial that we separate those functions that are strictly develop-
mental from others that may be strictly functional and restricted
to the adult nervous system. In this study, we take advantage of
the Drosophila genetics and the single neuron clonal analysis to
test the in vivo requirements for PKA during complex arbor
development. In addition, we test cell-autonomously the effects
of dose-dependent changes in PKA activity during a very precise
developmental window of dendritic arbor development. We
choose dendrites of the larval Drosophila class IV dendritic
arborization (da) neurons because they offer a unique readout to
test potential dose-dependent PKA effects on dendritic arbor
formation. As opposed to axons, which usually have a single
neurite that rarely develops branches, class IV dendrites provide
two incomparably advantageous features: (i) they have complex
arbors that offer a platform to probe with high precision the
multiple levels of neurite complexity that may be affected by dose-
dependent changes in PKA activity and may have a gradient of
severity; (ii) they are still assessable to precise quantitative
measurements due to their non-overlapping and spread-out
pattern under the body wall. Indeed, Drosophila da neurons have
thus far been very useful in studying cellular and genetic processes
involved in dendrite development (Corty et al., 2009; Grueber
et al., 2002; Jan and Jan, 2010; Rolls, 2011). However, it is
interesting to note that a large proportion of all genes that have
been identiﬁed so far in da dendrite development fall into a few
categories such as transcription regulators, cytoskeletal regulators
and mRNA binding proteins (Brenman et al., 2001; Corty et al.,
2009; Crozatier and Vincent, 2008; Gao et al., 2000; Grueber et al.,
2003; Hattori et al., 2007; Jan and Jan, 2010; Jinushi-Nakao et al.,
2007; Li et al., 2004; Moore et al., 2002; Parrish et al., 2009; Rolls,
2011; Sugimura et al., 2004; Sweeney et al., 2006; Ye et al., 2004).
Concerning typically more upstream regulators such as ligands,
their receptors and most importantly signal transducing mole-
cules, previous studies have mainly dealt with the problem of
dendritic self-avoidance and ﬁeld coverage (Corty et al., 2009; Jan
and Jan, 2010), leaving open the question of signaling molecules
and their role in the overall dendritic arbor complexity. In this
study we address this problem by studying in detail the develop-
mental dendritic role of one of the most central signal transducers
in animal cells – PKA. We ﬁnd that PKA is a central player in the
developmental shaping of complex dendritic arbors in a dose-
dependent manner, revealing that this role should not be over-
looked in the context of understanding the role of PKA in adult
neuronal processes such as learning and memory and activity-
induced dendritic plasticity.
Results
PKA localizes to dendrites in class IV da neurons
We tested the precise distribution of PKA in the Drosophila
larval da neurons. The antibody against Drosophila PKA catalytic
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subunit (PKA-C1) (Lane and Kalderon, 1995) revealed a signal that
was detected mainly in the cytoplasm of the cell bodies of all the
da neuronal types (Fig. 1A,A'), with no detectable differences in the
levels among diverse da neuronal types. Dendrites are thin and
antibodies often cannot detect a signal in them. In addition, PKA is
expressed in the surrounding tissues (epidermis and muscles).
Due to these factors we could not determine if PKA localizes to
dendrites by using this antibody. We thus used UAS-GFP-PKA
transgene, originally designed as a Fluorescence Resonance Energy
Transfer (FRET) sensor containing YFP fused to the catalytic
subunit and CFP to the regulatory subunit (Lissandron et al.,
2007, 2005). We detected the combined signal from both subunits
by using a broad GFP ﬁlter. Using the Upstream Activating
Sequence (UAS)/Gal4 system (Brand and Perrimon, 1993) with
the class IV-speciﬁc Gal4 driver pickpocket-Gal4 (ppk-Gal4)
(Grueber et al., 2007) we detected GFP-PKA in dendrites of class
IV neurons (Fig. 1B, B'). The signal was largely restricted to the
main dendritic branches and in most cases excluded from the
higher-order branches. This likely exclusion from the distal
branches bears similarities to the localization of microtubules in
da neurons (Stone et al., 2008). We thus performed double
labeling with a microtubule marker Futsch, a Drosophila micro-
tubule associated protein (MAP) (Hummel et al., 2000). We found
that the expression of GFP-PKA follows by large part the micro-
tubules as labeled by Futsch (Fig. 1B″). In some dendrites we could
observe GFP-PKA extending further than Futsch, which may be
either due to the differences in the sensitivities of the two
antibodies, or may indicate that the PKA distribution extends
beyond microtubules. The colocalization between Futsch and
PKA in the largest part of the dendrites may indicate a possible
physical association in those parts of dendrites between PKA and
the cytoskeletal structures such as microtubules and their asso-
ciated proteins. Since we used an overexpression approach (UAS/
Gal4) to detect PKA in the dendrites, we cannot completely
exclude the possibility that this spatial distribution does not reﬂect
entirely the endogenous PKA localization. In general, the UAS/Gal4
system is more likely to drive ectopic expression than to fail
to express, and therefore it is possible that the absence of the
GFP-PKA signal in the far distal dendritic branches may reﬂect the
lack of localization of the endogenous PKA in these parts of the
dendritic arbor. However, other reasons, such could be technical
difﬁculties in detecting decreased, although not absent, expression
in the distal dendrites, cannot be excluded as a possible reason
for the lack of signal. In addition, UAS-GFP-PKA expression in class
IV da neurons causes dendritic arbor simpliﬁcation (as shown in
Fig. S1 D).
PKA is required cell-autonomously for the development of dendritic
arbors in class IV da neurons
To test the effects of decreasing PKA-C1 levels on the morpho-
genesis of class IV dendrites with the precision of single-cell
analysis and with focus on cell-autonomous effects, we applied
mosaic analysis with a repressible cell marker (MARCM) (Lee and
Luo, 1999) using two previously characterized loss-of-function
mutants: PKAH2 and PKAB3 (Lane and Kalderon, 1993, 1995). H2
and B3 mutations are point mutations (Fig. 2A) that have been
biochemically demonstrated to cause a decrease in the PKA kinase
activity (Lane and Kalderon, 1993). We found that in class IV
neurons both mutants caused a signiﬁcant decrease in the com-
plexity of dendritic arbors in respect to the total dendritic length
(Fig. 2B–D, F, H). In addition, H2 had a signiﬁcant decrease in the
total number of nodes – the dendritic branching points (Fig. 2G
and H). Thus, we ﬁnd that B3 is a weaker allele than H2 in the
context of the complex dendritic arbor development. This is likely
caused by the different effects that H2 and B3 mutations have on
the ﬁnal kinase activity of the PKA catalytic subunit (Fig. 2A). B3
has a STOP codon, which is nevertheless positioned at the very end
of the C-lobe, meaning that the protein most likely maintains its
catalytic activity that resides in the N- and C- lobes, which both
remain intact in the B3 mutant. Thus, B3 may have only slightly
reduced activity that would have to do with additional (possibly
regulatory) effects that the C-terminus exerts. On the contrary, H2
has a point mutation inside the kinase catalytic domain (Fig. 2A).
This is expected to cause more severe effects to the ﬁnal kinase
activity (Taylor et al., 2005), which is in accordance to what we
observe in the class IV dendrites. To test the effect of the decreased
PKA levels in an additional cell-autonomous, but MARCM-
independent manner, we used a Drosophila PKA-C1 dominant
negative allele in the UAS/Gal4 system. The dominant-negative
PKAcA75 (DN-PKA) has a documented 1000-fold less catalytic
activity than the wild type PKA-C1 and has been successfully used
to down-regulate PKA activity in Drosophila (Ayaz et al., 2008;
Kiger and O'Shea, 2001). The point mutation contained in this
Fig. 1. PKA expression in class IV da neurons. (A) Dorsal cluster da neurons labeled with mCD8 (magenta), driven by 109(8)20 Gal4 driver and stained with the antibody
against the catalytic subunit of PKA (green). PKA is equally detected in the cell bodies (white dashed lines) of all da neuronal types (class I-IV), as well as in the external
sensory (ES) cell. (B) Distribution of PKA in class IV da dendrites as detected by colabeling of the class IV dendrite membranes (mCD8-Cherry: magenta) with GFP-PKA
(green), both driven by ppk-Gal4 driver and stained with the antibody against microtubule associated protein Futsch (cyan). GFP-PKA colocalizes with Futsch in a large
portion of dendrites (white dashed line in B' and B''). Both PKA and Futsch are absent from the most distal dendritic branches (red arrow). Scale bars: (A) 20 μΜ, (B) 50 μΜ.
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allele, just as the one in H2, is positioned in the heart of the PKA
catalytic domain (Fig. 2A). We expressed PKA-DN in class IV
neurons using ppk-Gal4 and found that it caused signiﬁcant
decreases in both the total dendritic length and the number of
nodes (Fig. 2E–G, I). PKA-DN phenocopies strongly the mutant H2
and thus corroborates the MARCM data, providing evidence that
the phenotypes observed are speciﬁc.
We wanted to test the effect of expressing an additional copy of
wild type PKA-C1 allele in wild type background. We examined
three UAS-PKA-C1 transgenic constructs in the wild type back-
ground and found that all three caused signiﬁcant arbor simpliﬁ-
cations (Figs S1; 2F, G, I; 3D–F; S2A, B, D). This indicates that the
increase in PKA levels can lead to arbor defects, and points to the
importance of ﬁne tuning of PKA activity levels for proper
dendritic arbor development. With the goal to induce lower levels
of expression than those produced by the UAS/Gal4 system, we
produced a novel wild-type construct Tub1α-PKA-C1 by placing
PKA-C1 cDNA after the regulatory region of the low-expressing
gene Tub1α. Tub1α-PKA-C1, which is expected to overcome the
potential problems related to the use of the UAS/Gal4 system and
the overexpression, nevertheless still caused arbor simpliﬁcation
(Fig S2A,C and D), indicating that even very low dose changes in
PKA levels are capable of causing signiﬁcant impact on a complex
dendritic arbor development. We next performed MARCM clone
Fig. 2. Effects of cell-autonomous decrease in PKA activity levels on the development of class IV dendritic arbors. (A) Schematic representation of the PKA catalytic subunit
protein domains, as deﬁned by the studies in mammalian PKA catalytic subunits (Taylor et al., 2012a, 2012b). The numbers on top indicate amino acid residues at the borders
between the neighboring domains. The core catalytic domain is composed of two regions: N-lobe (light gray box) and C-lobe (dark gray box). The core is ﬂanked on both
sides by the tails: N-tail (line on the left) and C-tail (line on the right). At the bottom the mutated residues in each PKA mutant used in this study are indicated. (B) Wild-type
class IV 40A MARCM clone showing a typical class IV dendritic arbor. (C-E) Class IV neurons for the PKA mutants: MARCM clone PKAB3 (C), MARCM clone PKAH2 (D), and the
dominant negative PKA allele DN-PKA expressed in class IV neurons by the ppk-Gal4 driver (E). (B'-E') Tracing of the dendritic arbor areas enclosed within the dashed yellow
squares in B-E. Red arrows point to the cell bodies and green arrows to the axons. (F-G) Quantiﬁcation of total dendritic length and number of nodes for the genotypes shown
in the panels B-E, plus for the WT-PKA [genotype: ppk-Gal4, UAS-mCD8-GFP / UAS-WT-PKA(5.2)], whose image is shown in the Fig. S1B. (H–I) Scholl analysis for the same
genotypes. Black bars: wild-type; gray bars: mutants. For the MARCM clones the wild type control is 40A, while for the DN-PKA [genotype: ppk-Gal4, UAS-mCD8-GFP / UAS-
DN-PKA] the wild type control is βGal [genotype: ppk-Gal4, UAS-mCD8-GFP / UAS-βGal]. n¼4–20. nnnPo0.001; nnPo0.01; nPo0.05. Scale bar: 50 μm.
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rescue experiments by using these PKA-C1 constructs. The expres-
sion of a wild-type copy of PKA suppressed both B3 and H2
phenotypes (Fig. S2). As shown in Fig. S2(I–L, P–R), the wild type
constructs signiﬁcantly changed the H2 clones in all the examined
aspects of dendritic defects: total dendrite length, number of
nodes and the proximal versus distal dendrite development.
Moreover, expressing the wild type constructs in H2 clones
increased the arbor complexity further than the wild type in
regard to the dendrite length and the number of nodes (Fig. S2P
and Q). This is the only case in which we observe an increase in
arbor complexity after changing PKA levels. This might be
explained by the particular PKA activity levels produced in this
genotype, which may favor arbor complexity more than the levels
occurring naturally during class IV da development. In particular,
PKA levels induced by Tub1α-PKA-C1 transgene, in combination
with the potential residual PKA activity of the H2 MARCM clones
(due to possible maternal contribution), may result in such ﬁnal
PKA activity levels that would be close to the optimal conditions
for dendritic arbor complexity, but which normally do not occur
under wild type conditions. Another possible explanation is based
on the fact that Tub1α-PKA-C1 is expressed non cell-autono-
mously, as Tub1α drives expression broadly, and therefore a part
of the effect seen in these clones may be due to the increased PKA
activity in cells others than class IV neurons.
Overall, the above data show that the two tested PKA loss-of-
function mutants and one dominant negative allele had a sig-
niﬁcant impact on the dendritic arbor complexity in class IV da
neurons: all three caused similar dendritic arbor defects. In
addition, the tested loss-of-function mutants can be suppressed
by providing transgenic wild type PKA-C1 constructs. These results
provide evidence that PKA-C1 is a cell-autonomous factor required
for proper development of the complex dendritic arbors of the
Drosophila class IV da neurons.
Class IV dendritic arbors are dose-sensitive to gradual increases in
intra-neuronal PKA activity levels
To test whether class IV da dendritic arbors perceive PKA in a
binary ‘on’ and ‘off’ fashion, or if they sense distinct PKA activity
levels differentially in a graded fashion, we applied a three-step
gradual increase in the doses of PKA activity using the UAS/Gal4
system. We expressed in class IV neurons the Drosophila wild type
PKA (WT-PKA) catalytic subunit as well and the form of the mouse
catalytic subunit of PKA (CA-PKA), which is constitutively active
regardless of the intracellular cAMP levels, due to its incapability
of interaction with the regulatory subunit (Lane and Kalderon,
1995; Orellana and McKnight, 1992). One copy of either WT-PKA
or CA-PKA at 25 1C caused signiﬁcant arbor simpliﬁcation when
compared to the wild type in the two tested aspects of dendritic
arbor complexity: a decrease in the total dendritic length and a
decrease in the number of nodes (Fig. 3A, B, D–F). This phenotype
shares overall similarities to the phenotypes caused by PKA loss-
of-function mutants (Fig. 2). We next increased PKA levels further
up by expressing CA-PKA at 29 1C (UAS/Gal4 drives stronger
expression at 29 1C) and we observed further arbor downsizing,
and in general stronger effects on both aspects of arbor complexity
(Fig S3; Fig. 3D–F). Finally, we increased PKA levels even more by
expressing two copies of CA-PKA at 25 1C and found that this
caused striking arbor simpliﬁcations (Fig. 3C, D–F). This very high
dose of PKA had an extra effect: the arbors grew only minimal
primary branches, rarely reaching the branch order of 4, as
opposed to the wild-type that regularly exceeds the order of 30,
as deﬁned by the Neurolucida detection software. In addition,
these hypotrophic branches often ended with a stump at the tip,
possibly indicating impaired dendrite growth cone progression. In
sum, we observed a gradient of phenotypic severity when
increasing intra-neuronal PKA doses in class IV da neurons, which
follows the trend: 1 copy CA-PKA at 25 1C o1 copy CA-PKA at
29 1C o2 copies CA-PKA at 25 1C. Thus, a gradual cell-autonomous
three-step increase in PKA activity levels leads to a respective
gradual increase in the phenotypic severity of the changes in the
dendritic arbor complexity.
To test if these dendritic defects were related to the underlying
changes in microtubule organization we labeled class IV CA-PKA
neurons with a microtubule marker α-Futsch. The overall micro-
tubule structure appeared normal: the main dendritic branches,
under the inﬂuence of any of the imposed increased levels of
CA-PKA, were still supported by normally looking microtubules
and did not differ from the wild-type (Fig. 3A''', B''', C'''), indicating
that the phenotype induced by increased PKA levels is not under-
lined by changes in the general structure of microtubules. Next, we
asked whether the microtubule polarity is affected. We used
markers for microtubule polarity: Nod-β-Gal, which normally
localizes speciﬁcally to dendrites and Kin-β-Gal, which normally
localizes to axons (Clark et al., 1997). We examined the class IV
neurons expressing CA-PKA and DN-PKA and found that both
markers remained restricted to their native compartments (Fig. 4),
suggesting that the polarity of microtubules did not change either
in dendrites or in axons of class IV neurons with changed PKA
activity levels.
These data, together with the loss-of-function mutant PKA
analysis from the previous section, indicate that the development
of complex dendritic arbors of class IV neurons is deﬁned by
speciﬁc functional PKA activity levels, characterized by both
minimal lower and maximal upper thresholds. In addition, it
appears that distal dendrites are more sensitive to changes in
PKA activity levels than proximal dendrites. Distal dendrites are
affected in all the genotypes tested, either they cause increase or
decrease in PKA levels (Figs. 2H, I, 3F). However, proximal
dendrites are affected only if PKA activity is either strongly
decreased (Fig. 2I) or strongly increased (Figs. 3C, F). In sum, our
data suggest that ﬁnely tuned and tightly regulated intra-neuronal
PKA activity levels, within a very speciﬁc functional range, are
critical for the development of normal dendritic arbors and point
to an inverted U-shape response mechanism of complex dendritic
arbors to PKA.
PKA mutant class IV neurons have changed distribution of Golgi
outposts in dendrites
Proper organelle distribution is critical for membrane and
protein supply during dendrite morphogenesis in both Drosophila
and mammals (Horton et al., 2005; Satoh et al., 2008; Tsubouchi
et al., 2009; Ye et al., 2007; Zheng et al., 2008). Here we showed
that PKA is located to the cytoplasm of dendrites and that it
colocalizes in the largest portion of dendrites with microtubules
(Fig. 1B). We also showed that genetically induced changes in
PKA activity levels do not affect either the general microtubule
structure or the microtubule polarity (Figs. 3 and 4). Thus, we
wondered whether PKA may regulate organelle distribution along
class IV dendritic arbors.
Golgi outposts are organelles enriched in the branching den-
drites and required for their proper development (Satoh et al.,
2008; Zheng et al., 2008). We examined the distribution of Golgi
outposts in class IV neurons with both increased (CA-PKA) and
decreased (DN-PKA) intra-neuronal PKA activity levels. We could
not test the localization of organelles in PKA mutant MARCM
clones for technical reasons (Supplementary information: Orga-
nelle markers). As an alternative we used PKA-DN, which pheno-
copies PKA loss-of-function mutants (Fig. 2). For a Golgi outpost
marker we used manosidase II-GFP (ManII-GFP) (Ye et al., 2007).
After dividing the dendritic arbor in three compartments
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according to the distance from the cell body (proximal: 0–10% of
the total distance from the cell body and normalized to each arbor
size; intermediate: 10–30%; and distal: 30–100%), we counted the
Golgi outposts in each compartment. We found that the most
prominent difference between the wild type and both CA-PKA and
DN-PKA neurons was in the number of Golgi outposts found distally
(Fig. 5). CA-PKA and DN-PKA neurons had signiﬁcantly fewer
Golgi outposts in the distal arbor compartments than wild type.
Fig. 3. Effects of gradual increases in intra-neuronal PKA activity levels on the complexity of class IV dendritic arbors. (A) Wild-type class IV dendritic arbor. (B) Class IV
neuron expressing one copy of CA-PKA. (C) Class IV neuron expressing two copies of CA-PKA. (A', B', C') Tracing of the upper right quarter of the images in (A, B, C). (A''- C'';
A'''- C''') Double labeling of the arbors shown on (A–C). mCD8 was used to delineate dendritic membranes (magenta) and αFutsch to visualize microtubules (cyan).
Although the arbors with increased PKA activity (B–C) are severely downsized, their main dendritic branches still express Futsch (white dashed lines). (D-E) Quantiﬁcation of
the phenotypes shown on (A-C), as well as of the WT-PKA [genotype: ppk-Gal4, UAS-mCD8-GFP / UAS-WT-PKA(5.2)], whose image is shown in the Fig. S1B and the CA-PKA
at 29 1C [genotype: ppk-Gal4, UAS-mCD8-GFP / UAS-CA-PKA], shown in the Fig. S4. (F) Scholl analysis for the same genotypes. n¼4–7. nnnPo0.001. Scale bar: 50 μm.
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These data suggest that correct intra-neuronal levels of PKA activity
may play a role in the distribution of Golgi outposts within dendritic
arbors.
PKA mutant class IV neurons have changed distribution of early
endosomes in dendrites
To test whether PKA mutant neurons have changes in the
distribution of one organelle type or more, we examined the
distribution of early endosomes. For an early endosomal marker
we used FYVE2-GFP, a fusion protein between GFP and the FYVE
ﬁnger of mouse Hrs (Satoh et al., 2008). We found that class IV da
neurons with both increased and decreased PKA levels have
signiﬁcantly altered distribution of early endosomes along the
arbors when compared to the wild type (Fig. 6A–G). Similar to
what we observed for the Golgi outposts, the number of endo-
somes in the distal compartments is signiﬁcantly lower in the PKA
mutant neurons (Fig. 6G). This suggests that correct intra-neuronal
levels of PKA may inﬂuence the normal distribution of early
endosomes within class IV dendritic arbors, and especially their
localization to distal branches.
It is interesting to note that this ﬁnding, namely that numbers
of two organelle types examined (Golgi outposts and early endo-
somes) are decreased selectively in distal arbor compartments
(Figs. 5 and 6), correlates very well with our ﬁnding that PKA
mutant phenotypes are characterized by selectively stronger
dendritic defects in distal dendritic branches (Figs. 2 and 3). This
provides support to the hypothesis that one of the underlying
reasons for the underdevelopment of distal dendrites in PKA
mutants may be the inability of organelles to reach the distal
dendrites, where they are normally required for protein supply.
Nevertheless, the data presented here cannot entirely exclude the
possibility that the decreased numbers of organelles in the distal
dendrites of PKA mutants may be a secondary effect of the smaller
arbor size.
PKA interacts genetically with the early endosomal component Rab5
We next tested if there is genetic evidence for the interaction
between PKA and the early endosomal pathway. Rab5 is a small
GTPase required for the formation of clathrin-coated vesicles and
their fusion with early endosomes (Bucci et al., 1992; McLauchlan
et al., 1998; Stenmark et al., 1994). We used Rab5(S43N), a consti-
tutively GDP-bound form that acts as dominant negative (Entchev
et al., 2000; Satoh et al., 2008) and found that when it is expressed
in wild type class IV neurons, the arbors are signiﬁcantly down-
sized (Fig. 6H and I). This phenocopies the effect of CA-PKA
(Fig. 6K), but also the effects of the PKA loss-of-function and DN-
PKA alleles shown in the Fig. 2. Interestingly, when Rab5(S43N)
and CA-PKA are coexpressed, the arbor is stripped down even
more strikingly (Fig. 6J). The quantiﬁcation shows that these
arbors have both signiﬁcantly shorter total dendritic length and
a lower number of nodes than those bearing each single mutated
allele alone (Fig. 6L–N). This points to a possible genetic interac-
tion between the early endosomal pathway and PKA. Therefore, it
is possible that at least a part of the role of PKA during the
development of class IV dendritic arbors is delivered through the
regulation of endosomal trafﬁcking.
Drosophila cytoplasmic dynein components are direct PKA
phosphorylation targets in vitro, but their phosphorylation by PKA is
not a prerequisite for dendrite morphogenesis in larval class IV
neurons in vivo
Interestingly, similar to what we observe in PKA mutants,
changes in organelle distribution were previously reported for
dynein mutant neurons in both ﬂies and vertebrates (Satoh et al.,
Fig. 4. Microtubule polarity is not changed in the dendrites and axons of class IV neurons with changed PKA activity levels. Wild-type class IV neurons (mCD8; white) were
colabeled either with (A) Nod-βGal (magenta) – a dendritic marker, or with (B) Kin-βGal (cyan) – an axonal marker. Neither an increase (C and D) in PKA levels by expression
of CA-PKA, nor a decrease (E and F) by expression of DN-PKA, changed the polarity of microtubules. Arrowheads point to the cell bodies. Scale bar: 50 μm.
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2008; Sharp et al., 1997; Yu et al., 2000; Zheng et al., 2008).
Thus we wondered whether PKA can directly regulate organelle
transport to distal dendrites though phosphorylation of the
cytoplasmic dynein components.
We focused on ﬁve components directly related to dynein-
dependent transport: dynein light chain robl, dynein intermediate
chain (DIC), dynein light intermediate chain (Dlic), dynein reg-
ulator Lis1, and the endosomal subunit Rab5. We searched to
identify putative PKA target sites in these proteins. We located
eight putative sites in DIC, ﬁve in Dlic, two in Lis1 and one in robl
and Rab5 respectively. We next performed site-directed mutagen-
esis to change these putative PKA target serines/tyrosines to
alanines in order to prevent phosphorylation. Recombinant bacte-
rially puriﬁed GST-fused proteins (both wild type and the mutated
variants) were used as substrates in in vitro phosphorylation
reactions to test their ability to be phosphorylated by PKA. We
found that the wild type DIC is phosphorylated by PKA, and that
this phosphorylation relies on the eight predicted PKA sites. When
all these sites are mutated to alanine [DIC(all:SA)], DIC cannot be
phosphorylated by PKA (Fig. 7A, lanes 1, 2). robl was phosphory-
lated in its wild type form [robl(wt)], although the signal was very
weak, but not in its mutated form [robl(SA)] (Fig. 7B, lanes 6, 7),
indicating that the signal, although weak, was dependent on the
presence of the predicted PKA site. Wild type Rab5 [Rab5(wt)]
showed a weak phosphorylation by PKA, and the signal was only
slightly weaker, but still present in the mutated form of Rab5
[Rab5(SA)], indicating that this predicted site may not be the only
PKA target site in Rab5 (Fig. 7B, lanes 8, 9). Dlic was the most
interesting PKA substrate in vitro. Wild type Dlic [Dlic(wt)] was
strongly phosphorylated by PKA (Fig. 7C, lane 10), and this
phosphorylation was dependent on the predicted PKA sites, as it
was either diminished or absent in the mutated Dlic versions
(Fig. 7C, lanes 11-20). In particular, out of the ﬁve predicted sites,
the site 2 appeared to be the most important for the in vitro
phosphorylation by PKA. The signal disappeared almost entirely
after this single site was mutated in [Dlic(2:SA)] (Fig. 7C, lane 12).
This site might have some synergy with the sites 1 and 3, as in
these single mutants [Dlic(1:SA)] and [Dlic(3:SA)] the signal is
weaker than in the wild type (Fig. 7C, lanes 11 and 13). This is also
conﬁrmed by the double and triple mutants. When all the three
sites are mutated in the mutant [Dlic(123:SA)], the phosphoryla-
tion signal by PKA is almost absent (Fig. 7C, lane 17). In the double
mutants [Dlic(12:SA)] and [Dlic(23:SA)] there is only a weak signal
(Fig. 7C, lanes 18 and 20). On the contrary, the double mutant [Dlic
(13:SA)] has a strong phosphorylation signal (Fig. 7C, lane 19),
which is comparable to that of the wild type. When all the ﬁve
putative sites are mutated in [Dlic(all:SA)], the signal is completely
absent (Fig. 7C, lane 16). These results suggest that the site 2 is the
most crucial PKA substrate site in Drosophila Dlic, and that this
site most likely acts in synergy with the sites 1 and 3. On the other
side, the sites 4 and 5 appear to be nonessential for the phosphor-
ylation by PKA, as their respective single mutants [Dlic(4:SA)] and
[Dlic(5:SA)] maintain strong in vitro phosphorylation signals
(Fig. 7C, lanes 14 and 15). In sum, these in vitro phosphorylation
experiments show that four of the tested Drosophila cytoplasmic
dynein-related components (DIC, Dlic, robl and Rab5) act as direct
PKA substrates in vitro. Lis1 was not tested in vitro due to
technical difﬁculties to purify GST-Lis1 recombinant protein.
We next produced Drosophila transgenic lines carrying these
mutated variants under the control of UAS. As described above, the
mutations were point-mutations that caused substitutions of the
predicted PKA target serine or tyrosine to alanine (SA) to prevent
the putative phosphorylation by PKA. We expressed these variants
in the class IV neurons and asked if they retain or not the ability to
rescue mutant phenotypes in MARCM clones of their respective
mutants. We tested in vivo in this manner three components: Dlic,
Fig. 5. Distribution of Golgi outposts in class IV dendritic arbors with changed PKA activity levels. (A–F) Class IV neurons colabeled with mCD8 (white) and a marker for Golgi
outposts ManII-GFP (green). (A–B) In wild-type class IV neurons, Golgi outposts are most abundant distally, while in the class IV neurons with either decreased levels of PKA
(DN-PKA) (C and D), or increased levels of PKA (CA-PKA) (E–F), the number of Golgi outposts in distal branches is signiﬁcantly decreased. (G) Quantiﬁcation of the
distribution of Golgi outposts in the phenotypes presented in (A–F). n¼4–6. nnnPo0.001; nnPo0.01; nPo0.05. Scale bar: 50 μm.
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Fig. 6. Relationship between PKA and the early endosomal pathway during development of class IV dendritic arbors. (A–F) Class IV neurons colabeled with mCD8 (white)
and the early endosomal marker FYVE-GFP (green). (A and B) Wild-type class IV neurons are characterized by distribution of early endosomes along the whole dendritic
arbor, with the highest numbers most distally from the cell body. When PKA activity is either decreased (C and D) by the expression of DN-PKA, or increased (E and F) by the
expression of CA-PKA, fewer early endosoms are found distally in the arbor. (G) Quantiﬁcation of the number of early endosomes within the arbors of the phenotypes shown
in (A–F). (H–N) PKA and Rab5 interact genetically during the development of class IV dendritic arbors. (H) Wild-type class IV da neuron. (I) Class IV neuron expressing Rab5
(S43N) showing signiﬁcant arbor simpliﬁcation. (J) Simultaneous expression of Rab5(S43N) and CA-PKA leads to stripped-down arbor. (K) Class IV neuron expressing
CA-PKA. Pink arrowheads point to proximal axons. (L–N) Quantiﬁcation of the phenotypes on the images (H–K) for the total dendrite length (L), the number of nodes (M),
and the Scholl analysis (N). n¼4–8. nnnPo0.001; nnPo0.01; nPo0.05. Scale bar: 50 μm.
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robl and Lis1. The mutants tested were: dlic21157, roblMB, and
lis1G10.14. MARCM lines for DIC are not available, which prevented
us from testing DIC in vivo. Rab5 MARCM clones were not tested
in vivo due to the persistence of the PKA phosphorylation after the
SA mutation was introduced (Fig. 7B). The mutations in the three
tested genes have been previously shown to cause strong class IV
dendritic phenotypes (Satoh et al., 2008; Zheng et al., 2008). After
expressing either wild type or SA mutated variants of each
respective gene in their mutated MARCM background, we
observed rescues in all cases, indicating that the in vitro identiﬁed
PKA sites in these proteins may not be required for dendrite
morphogenesis of larval class IV neurons in vivo (Figs S4 A–D, S5
A–C, S6 A). We next performed the opposite experiment. We
produced phosphomimetics by mutating the predicted target
serine / tyrosine residues to aspartic acid (SD mutations). We
overexpressed these phosphomimetic variants in wild type class
IV neurons using class IV-speciﬁc Gal4 drivers. We did not detect
evident phenotypic changes in the dendritic arbors for any of the
three genes (Figs S4 G–J, S5 D, S6 B). These results suggest that,
although the hereby tested cytoplasmic dynein components can
clearly act as speciﬁc PKA substrates in vitro, their phosphoryla-
tion by PKA on the tested sites, is not critical for dendrite
morphogenesis of larval class IV dendrites in vivo. This does not
exclude the possibility that phosphorylation of these dynein-
related components by PKA plays a critical role in vivo in a
different context such could be other neuronal, non-neuronal,
developmental or post-developmental processes.
Overall, in the context of complex dendritic arbor development
we propose that PKA is a critical factor, although its direct
phosphorylation substrate in the process remains unidentiﬁed.
Discussion
Despite the numerous studies on the function of PKA in the
nervous system, thus far it was unclear if PKA is required in vivo
for complex dendritic arbor development and how the intra-
neuronal PKA activity levels affect the arbor shaping. In this study
we tested in depth this question. We examined the in vivo cell-
autonomous requirement for PKA in the complex dendritic arbor
development of Drosophila class IV da neurons. Moreover, we
examined the effects of cell-autonomously changing intra-
neuronal PKA activity levels on complex dendritic arbor develop-
ment. In particular, we studied the effects of the decreased activity
levels of PKA during the development of Drosophila class IV
dendritic arbors by using two different loss-of-function mutants
Fig. 7. Drosophila cytoplasmic dynein proteins and Rab5 are phosphorylated by PKA in vitro. The lower panels show SDS-PAGE gels after staining with Coomassie Brilliant
Blue stain. They represent the total GST-fused recombinant protein used in each phosphorylation reaction. The upper panels are autoradiographies of the SDS-PAGE gels
shown on the lower panels. The signal is produced by [γ32]-phosphorous that was incorporated in the proteins as a result of phosphorylation by PKA. The upper panels thus
indicate the levels of phosphorylation of the recombinant proteins by PKA. Similar quantities of recombinant proteins were used in each in vitro reaction (see the lower
panels), indicating that the differences in the upper panels are due to different levels of phosphorylation and not to different quantities of the proteins used. (A) PKA
phosphorylates Drosophila DIC. Wild type Drosophila DIC fused to GST (lane 1: DIC(wt)) and DIC mutated in all eight putative PKA phosphorylation site, by changing S/T to A
(lane 2: DIC(all:SA)) were used as PKA substrates. While the wild type DIC is strongly phosphorylated by PKA (lane 1), its mutated version is not (lane 2). As a negative
control () bacterially puriﬁed GST was used (lane 3), and it does not show any signal, indicating that the phosphorylation signals observed are due to DIC and not GST. As a
positive control (þ), a GST-fusion of the Drosophila protein Cubitus interruptus (Ci), a well characterized PKA target, was used (lane 4: Ci). Ci shows a strong phosphorylation
signal, indicating that the phosphorylation reaction conditions were correct. Multiple bands are due to the signal in the degraded forms of the recombinant protein (see the
lower panel for the image of the total Ci protein used). As an additional negative control (), agarose beads were used (lane 5). The beads alone do not produce
phosphorylation signal. (B) PKA phosphorylates Drosophila robl and Rab5. GST fusions of robl mutated in the single putative PKA target site (lane 6: robl(SA)) and the wild
type robl (lane 7: robl(wt)) were used as substrates in the in vitro phosphorylation reactions. Wild type robl shows a weak phosphorylation signal (lane 7), while the mutated
version loses this signal (lane 6), indicating that the mutated site is a putative speciﬁc PKA target. The total protein levels used for the reactions were similar for both the wild
type and the mutated robl proteins (see the lower panels). GST fusions of the Drosophila wild type Rab5 (lane 8: Rab5(wt)) and its mutated version (lane 9: Rab5(SA)), were
also used as substrates for PKA in vitro. Both versions are efﬁciently, although weakly, phosphorylated by PKA (see the upper panels), indicating that the mutated residue is
likely not the only PKA target site inside Rab5. (C) PKA phosphorylates Drosophila Dlic. GST fusions of either the wild type Dlic (lane 10) or its mutated versions (lanes 11-20)
were used as substrates for PKA. The quantities of protein used in each reaction were similar (see the lower panels), while the phosphorylation signal was different in
different Dlic mutant versions (see the upper panels). Wild type Dlic was efﬁciently phosphorylated by PKA (lane 10). Dlic versions mutated at single putative PKA target
residues 1, 3, 4 or 5 were also phosphorylated well by PKA (lane 11: Dlic(1:SA); lane 13: Dlic(3:SA); lane 14: Dlic(4:SA); lane 15: Dlic(5:SA)). In Dlic(5:SA), the signal was at
least as strong as in the wild type, if not stronger (compare the lanes 15 and 10). In Dlic(4:SA), the signal was as strong as in the wild type (compare the lanes 14 and 10). In
Dlic(1:SA) and Dlic(3:SA) the signal was weaker than in the wild type (compare the lanes 11 and 13 to the lane 10). In Dlic(2:SA) the phosphorylation signal was almost
absent (lane 12), indicating that the site 2 is likely the strongest PKA in vitro substrate residue in Drosophila Dlic. When all ﬁve putative PKA target residues are mutated (Dlic
(all:SA)), almost no phosphorylation signal is left (lane 16), comparable to the mutant Dlic(2:SA) (lane 12). Double and triple mutants in which the site 2 was mutated - (Dlic
(123:SA); Dlic(12:SA); and Dlic(23:SA)), as shown in the lanes 17, 18 and 20, had signiﬁcantly decreased phosphorylation signal. On the contrary, the double mutant in which
the site 2 was not mutated - (Dlic(13:SA)) - maintained a strong phosphorylation signal by PKA (lane 19).
T. Copf / Developmental Biology 393 (2014) 282–297 291
and one dominant negative allele in a cell-autonomous manner.
Simultaneously, we tested the effects of the increased PKA activity
levels by a three-step gradual increase in the activity relying on
the UAS/Gal4 system. In both cases we found profound changes in
the arbor complexity as reﬂected by the decreased total dendritic
length and the decreased number of nodes. The phenotypes were
especially profound in the distal arbor compartments. Further-
more, we found that these PKA phenotypes are accompanied by
the decreased numbers of two types of organelles – early endo-
somes and Golgi outposts – in the distal dendrites. We also
presented genetic evidence that PKA interacts with Rab5, a crucial
early endosomal component. Our results support the hypothesis
that ﬁnely tuned and tightly controlled intra-neuronal PKA activity
levels are critical for proper formation of complex dendritic arbors.
PKA – a required factor in complex dendritic arbor development
Our data presented here provide for the ﬁrst time a clear
evidence that PKA is required cell-autonomously and in vivo for
the correct shaping of a complex dendritic arbor. As opposed to
most previous studies on PKA in neurite development, our study
has the following advantages: (a) it is performed in a whole
organism, as opposed to the prevailing vertebrate cell culture
approach in the past (Gao et al., 2000; Kao et al., 2002; Kim and
Wu, 1996; Liesi et al., 1983; Meyer-Franke et al., 1995; Ming et al.,
1997; Rydel and Greene, 1988; Song et al., 1998, 1997; Song and
Poo, 1999; Yao et al., 2000), and thus provides a better estimate
of the in vivo physiological role of PKA in dendrites; (b) it uses
MARCM clonal analysis to approach the question of loss-of-
function phenotypes, which allows a clear focus on cell-
autonomous effects, as opposed to the previously reported studies
of PKA in Drosophila nervous system that were performed using
classical mutants, cell culture, or tissue-speciﬁc PKA overexpres-
sion (Davis et al., 1995; Horiuchi et al., 2008; Kim and Wu, 1996;
Tripodi et al., 2008; Yamazaki et al., 2007; Yao et al., 2000; Yuan
et al., 2011), but not tissue-speciﬁc or cell type-speciﬁc loss-of-
function, and therefore were not able to distinct between cell-
autonomous and non-autonomous roles.
Our results show that PKA is required for two aspects of the
arbor morphological development. First, in the absence of physio-
logical PKA levels, class IV da arbors have a reduced number of
nodes. Second, the total dendritic length is reduced in all the
tested PKA mutants and it is accompanied by an analogous
reduction in the coverage of the receptive ﬁeld, which, in the case
of class IV da neurons, a subclass of epidermal sensory neurons, is
the internal larval epidermis. Both of these ﬁndings point to a role
of PKA in deﬁning the correct branching points, as well as the
correct endpoints during dendrite growth cone progression. In
addition, these data point to a novel role of PKA in deﬁning the
correct overall expansion of the dendritic arbor and the ability of
the already formed dendrites to grow and reach the expected
target positions. Could PKA shape dendritic arbors by transducing
an upstream signal from a growth effector? We pilot tested, using
dominant negatives and RNAi, if any of the well described growth-
promoting effectors in ﬂies act upstream of PKA during class IV
dendritic arbor shaping. We tested the receptors EGFR, Breathless,
Heartless, PVDR, the TGF-b receptors (Saxophone, Thickveins and
Punt), the Hedgehog receptor Patched and its downstream trans-
ducers Smoothened and Cubitus interruptus. We found no indica-
tion that any of these mutant situations phenocopies strongly PKA
mutants in the class IV da arbor development (data not shown).
Although RNAi and dominant negative alleles cannot always lead
to deﬁnite conclusions, the data we have gathered point to the
possibility that PKA does not transduce a growth signal triggered
by any of the tested growth-related Drosophila receptors during
class IV dendrite development. Alternatively, the changed arbor
size in the PKA mutants might be a result of the impaired dendritic
developmental scaling, a process in which dendrite growth is
synchronized with larval body growth during development. It is
thus tempting to hypothesize that PKA transduces a relative
scaling signal coming from the epidermis.
Inverted U-shape response of dendrites to intra-neuronal PKA activity
levels
Our data show that both an increase and a decrease in the
intra-neuronal doses of PKA activity result in similar dendritic
phenotypes. This type of response to PKA is consistent with
previous reports showing that both an increase and a decrease
in cAMP/PKA signaling have similar phenotypes in Drosophila
neurons, including the effects on the arrest of growth cone in cell
culture (Kim and Wu, 1996), axonal neurite branching (Corfas and
Dudai, 1991), impaired learning and memory (Davis et al., 1995),
and activity-dependent structural dendritic changes in larval CNS
neurons (Yuan et al., 2011). Yet, in all these studies the demon-
strated response to PKA is purely binary, examining two opposing
extreme situations: ‘on’ or ‘off’. Here, we have uncovered that not
only the PKA ‘on’ and ‘off’ switches have similar phenotypes, but
also that the different PKA activity levels are perceived in a dose-
dependent manner by the developing dendrites, revealing an
inverted U-shape-like response mechanism.
In an inverted U-shape dose response, studied by the largest
part in the context of toxins, exposure to small doses is perceived
as beneﬁcial for the organism, while high doses are detrimental
(Calabrese, 2004). Placed within this framework, dendrites of the
Drosophila class IV neurons appear to perceive PKA activity in a
typically inverted U-shape response manner. At extremely low
PKA doses, as it is the case in the loss-of-function MARCM mutant
clones and after the expression of the dominant negative PKA
allele, the developmental machinery that guides dendrite forma-
tion is stalled. It is also stalled at extremely high PKA doses, as it is
the case after the overexpression of either wild type or constitu-
tively active forms of PKA. Only in between these extremes is
the permissive PKA dose zone, the only one that allows for
the formation of wild type complex and elaborate arbors
(see the proposed model in the Fig. 8). How could this inverted
U-shape dose response be pictured under physiological conditions
in class IV da neurons? For example, during development PKA
levels might be regulated by an upstream receptor, which may be
activated by a morphogenetic ligand or by neuronal activity.
Changes in the activity of this receptor could thus change
intra-neuronal PKA activity levels and therefore affect dendrite
morphogenesis. From the studies in axons we know that precise
intra-cellular levels of cAMP and PKA can affect growth cone
behavior, guidance and turning (Lohof et al., 1992; Ming et al.,
1997; Song and Poo, 1999). In addition, cAMP/PKA signaling has
been shown to act as a transducer of activity-dependent axonal
branching (Spitzer, 2006), and has been implicated in the activity-
dependent dendrite remodeling in the Drosophila CNS neurons
(Yuan et al., 2011). In the case of the class IV da dendrites, one or
more similar processes might be affected. For example, if PKA levels
are regulated by an upstream receptor that is itself activated by its
ligand, one could envision a spatio-temporal gradient of the putative
ligand that is regulated developmentally and that leads to differ-
ential levels of PKA activity during dendritic arbor formation. In
another example, or a temporally separate developmental event,
initiation of the neuronal activity of class IV neurons might induce
transiently high cAMP/PKA levels, which would signal the end of
further arbor elaboration. This could be prematurely mimicked
when we overexpress two copies of CA-PKA. Interestingly, we had
one instance in our data where dendrite complexity was increased
beyond the wild type complexity levels. Namely, PKAH2 MARCM
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clones rescued by Tub1α4PKA-C1 transgene appeared to have
arbor complexity above wild type (Fig. S2 P and Q). This result can
be explained in two ways. It could be that the particular PKA levels
produced under these genetic conditions may favor arbor branching
more than the levels normally occurring in the wild type. In
particular, it is possible that the ﬁnal PKA activity levels in this
background will produce an arbor that falls close to the middle of
the permissive zone, presented in the graph on the Fig. 8, and thus
favor development of most complex arbors, while normally occur-
ring wild type PKA levels may not be exactly in the center of the
permissive zone. Another possibility is that the increased arbor
complexity in this genetic combination may be due to non cell-
autonomously PKA effects, as Tub1α expresses in the surrounding
cells as well.
In sum, we show here that different intra-neuronal PKA activity
levels lead to distinct dendritic phenotypes in a graded fashion. Thus,
our study highlights the importance of maintaining ﬁnely tuned and
correct levels of cAMP/PKA signaling inside the neurons in order to
achieve proper complex dendritic arbor shaping during development.
As cAMP/PKA is a central signaling pathway, transducing signals from
a number of upstream effectors, this precise dose regulation likely
represents the most efﬁcient way for accurate signal transduction.
Finely tuned levels of cAMP/PKA activity, kept within a functional and
permissive range, need to be maintained inside the neuron so that
even small changes can result in an efﬁcient neuronal response and
lead to dendritic morphological changes. Such ﬁne PKA tuning may
also provide a fertile platform for the morphological changes after the
end of development, during adult dendritic plasticity.
PKA and organelle distribution in neurons
Our results show that cell-autonomous genetic manipulations of
the intra-neuronal activity levels of PKA do not change either general
microtubule structure of dendrites and proximal axons, or their
polarity. On the contrary, PKA mutant neurons have changed distribu-
tion of two types of organelles. The fact that this putative effect of PKA
on organelles is not selective to one single organelle type indicates
that the relevant PKA target might be a general cellular trafﬁcking
Fig. 8. A proposed model depicting how developmental shaping of complex dendritic arbors can be regulated by ﬁne tuning of intra-neuronal PKA levels in an inverted
U-shape response. The graph shows hypothetically continuous increase in PKA levels (the gray triangle and its accompanying arrow) and its relation to the arbor
morphological complexity (the black curve). The curve has the shape of an inverted U. At low PKA levels, the arbor is simpliﬁed, with less dendritic elaboration at distal arbor
parts. When a certain hypothetical PKA level threshold is passed (at the entrance of the permissive zone depicted in the green shade), the conditions are supportive of
maximal dendritic growth, which results in wild type arbors. This permissive zone of PKA levels acts as the activation zone. However, increasing PKA levels further up
switches the dendritic growth response from positive to negative and marks the beginning of the inhibition zone. At very high levels of PKA the arbors are extremely simple.
On the bottom is a graphic summary of the phenotypes presented in this study, and which support this model. The two black arrows pointing to the intersections between
the arbor complexity curve and the increasing PKA levels indicate the hypothetical intra-neuronal PKA doses at which critical switches take place: Switch (1) from the
inhibition zone to the activation zone, when PKA levels reach the critical threshold levels; and Switch (2) from the activation zone to the inhibition zone, when PKA levels
pass the permissive zone dose and enter again the inhibition zone. Physiological triggers for such switches might be, for example, activation of an upstream receptor and/or
neuronal activity. Hypothetically, an early event during development might activate an upstream receptor, which would lead to the increase of PKA activity from very low in
the inhibitory zone up to the threshold levels in the permissive zone. The levels would stay within this permissive zone during the developmental time of the arbor
complexity elaboration. In a second hypothetical event, for example at the end of arbor shaping, the ﬁrst strong neuronal activity might trigger temporarily very high PKA
levels, which would result in the exit from the permissive zone and would mark the reentrance to the inhibition zone. This would signal the end of further arbor elaboration.
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component. In this context it is interesting to note that in molluscan
neurons elevated cAMP levels can induce organelle transport into
typically organelle-free lamellipodia, which is suggested to be
performed through the regulation of microtubule dynamics and
their interaction with organelles (Forscher et al., 1987). In addition,
there is biochemical evidence for PKA association with micro-
tubules in Drosophila neurons, which was suggested to affect
organelle transport (Adam and Friedrich, 1988). Thus, we suspect
that PKA may affect microtubule-driven organelle transport inside
the developing dendrites.
In this aspect, it is interesting to consider the implication of our
ﬁnding that Rab5 genetically interacts with PKA in dendrites. Rab5 is a
small GTPase and an essential component of early endosomes (Bucci
et al., 1992; McLauchlan et al., 1998; Stenmark et al., 1994). First, as
shown in the Fig. 6 (panels H-N), we ﬁnd through the overexpression
experiments, using constitutively active PKA and a dominant negative
allele of Rab5, that the dendritic phenotype caused by the combination
of the two alleles is striking and signiﬁcantly worse than that of each
single mutant, indicating a genetic interaction between Rab5 and PKA.
Second, as shown in Fig. 7B (lanes 8, 9), we ﬁnd that Drosophila Rab5
can act as an in vitro phosphorylation substrate for PKA. Nevertheless,
mutating the single predicted PKA target site in Rab5 did not appear to
affect dramatically the in vitro phosphorylation by PKA, indicating that
this predicted site is either a weak PKA target site, or not the only one
within the Drosophila Rab5 protein. Due to this ﬁnding we did not
proceed to test the effect of this Rab5 phospho-mutant in the class IV
neurons in vivo. Thus there remains an open possibility that Rab5
might act as an in vivo target for PKA. However, based on the in vitro
phosphorylation results and the in vivo interaction between PKA and
Rab5, it seems more likely that Rab5 and PKA have an indirect,
although strong, genetic interaction. In other words, it is possible that
PKA phosphorylates a yet unidentiﬁed component that is critical for
Rab5 function in dendrites. For example, a microtubule motor
component might be the direct PKA target, phosphorylation of which
might be essential to link Rab5-bearing endosomes to the cytoplasmic
dynein complex and thus to allow the transport of endosomes along
the microtubules during dendrite formation. In sum, it is a possibility
that at least one part of the role of PKA during the development of
class IV dendritic arbors is delivered through the regulation (either
direct or indirect) of the endosomal trafﬁcking through Rab5.
Dynein is the essential microtubule motor required for organelle
transport into dendrites in both vertebrates and Drosophila (Ahmad
et al., 1998; Grabham et al., 2007; Horton et al., 2005; Kapitein et al.,
2010; Satoh et al., 2008; Zheng et al., 2008), and thus a dynein-
related component was our next candidate to test. Indeed, in
vertebrates some dynein regulators, such as the Nde1 (Nudel)/
Lis1/PDE4 complex, have been shown to be a direct PKA target in
neurons (Bradshaw et al., 2008, 2011; Collins et al., 2008; Murdoch
et al., 2011). Could this also be true in the Drosophila neurons and
explain how PKA may regulate organelle localization during den-
drite morphogenesis? First, our results indicate that Drosophila Lis1
is not an in vivo PKA target during dendrite formation (Fig. S6).
Second, dunce, a Drosophila cAMP phosphodiesterase, has not been
reported to be associated with the dynein complex, leaving thus
open the question of its possible regulation by PKA in Drosophila da
neurons. Third, a Drosophila homolog of Nde1, nudE, exists, and
although its expression and its role appear to be predominantly
implicated in the germ line, embryonic pole cells and border cell
migration (Fisher et al., 2012), a recent RNAi screen has provided
possible initial evidence for its involvement in axonal transport and
synaptic maintenance (Valakh et al., 2012), leaving thus open the
possibility that nudE may be another putative PKA target during
dendritic arbor development. One more dynein component that
remains to be tested in vivo as PKA target in dendrites is Drosophila
DIC, which we did not test in vivo in this study due to the lack of
available MARCM lines.
Taken together, the previously published data combined with our
data presented here may help shed light to the question of why both a
decrease and an increase in PKA levels cause similar dendritic
phenotypes and cellular defects. Although these defects might be
multiple, based on our data we hypothesize here that one possible role
of PKA in dendrites may be to regulate organelle distribution within
the arbor. Our proposed model is that this takes place through the
phosphorylation of a yet unidentiﬁed PKA target required for dynein-
mediated organelle transport in class IV dendrites. We hypothesize
that both excessive and insufﬁcient phosphorylation of this target
would interfere with normal organelle transport. In particular, there
are two open possibilities compatible with the organelle distribution
data presented in the Figs. 5 and 6. (i) PKA positively regulates cargo
loading. If PKA levels are changed to either direction, loading is
suboptimal. Less organelles are loaded, and subsequently less orga-
nelles can reach distal dendrites. In this case, we would expect to ﬁnd
less organelles distally in both CA-PKA and DN-PKA neurons, which is
the case as our data show. (ii) PKA negatively regulates cargo
unloading. If PKA levels are changed to either direction, unloading is
favored. Increased and perhaps premature unloading will take place
and thus we would expect to ﬁnd less organelles distally, as is the case
in our data. In addition, both of these scenarios are compatible with
the increased presence of PKA in the main dendritic branches. In the
ﬁrst scenario, the increased presence of PKA more proximally in the
wild type arbors would ensure proper cargo loading close to the site of
production, the cell bodies. In the second scenario, decreased PKA
presence in the distal branches would allow for cargo unloading
distally. This hypothesis would ﬁt well with our ﬁnding that all PKA
mutants have less distal branches. It would also ﬁt with our observa-
tion that PKA mutant neurons have decreased number of Golgi
outposts and early endosomes in their distal arbor compartments.
If this model, based on the hereby presented loss-of-function and
gain-of-function data, is true, what cellular role could PKA then be
doing under physiological conditions during class IV da arbor forma-
tion? One tempting possibility is that PKA activity is compartmenta-
lized within the class IV da neurons. This could happen in at least two
different ways: (i) There is a gradient of PKA distribution within the
dendritic arbor with, for example less PKA distally and more PKA
proximally, and which could be a result of the regulation of the sub-
neuronal PKA distribution by an A-kinase anchoring protein (AKAP)
(Skroblin et al., 2010). Our data presented here support the idea that in
the very distal dendritic branches PKA is either absent or expressed at
undetectably low levels (Fig. 1B). (ii) PKA distribution within the main
dendritic branches is uniform, although either absent or lower in the
very distal branches, but there is a cAMP gradient, which in turn
regulates PKA activity in a compartmentalized and gradient-like
manner along the dendritic arbor. This gradient might be caused by
a gradient of activation of the potential upstream receptor, which in
turn might be regulated by the gradient of its ligand, or its graded
activation due to the neuronal activity. In both cases, we would expect
that PKA is more active proximally than distally within the arbor. For
example, in our gain-of-function experiments we possibly force PKA
activity more distally in the arbor than normal. In the opposite
situation, in our loss-of-function experiments, we decrease PKA
presence and activity both proximally and distally, thus possibly
shrinking the proximo-distal proﬁle of its activity more proximally.
According to our model, where the speciﬁc role of PKA might be to
either positively regulate cargo loading or to negatively regulate cargo
unloading, both these genetic manipulations would lead to decreased
cargo access to distal dendrites.
In depth examination of the endogenous PKA dendritic localization,
its possible association with anchoring factors such as AKAPs in
dendrites, as well as live imaging using PKA and cAMP FRET sensors
to test the spatio-temporal dynamics and the sub-neuronal foci of
cAMP/PKA activity during arbor formation, are only some of the ways
to test this model further in future.
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Finally, it is notable that despite the indisputable importance of
cAMP/PKA signaling in not only neurons but also a variety of other cell
types, the speciﬁc direct phosphorylation targets of this pathway
remain disproportionally less well understood. To understand
mechanistically the multiple aspects of cAMP/PKA pathway, future
research should aim to identify additional cAMP/PKA targets.
Materials and methods
Fly stocks
PKA mutant alleles: PKAB3 and PKAH2 (Lane and Kalderon, 1993).
Gal4 lines: ppk-Gal4 (Grueber et al., 2003); 477-Gal4, and 109(2)80
(Gao et al., 1999). UAS lines: UAS-GFP-PKA(32), UAS-GFP-PKA(49)
(Lissandron et al., 2007, 2005); UAS-PKAc75A (DN-PKA) (Kiger and
O’Shea, 2001)); UAS-PKAc-WT (lines F5.2 and F5.9; (Kiger et al., 1999);
UAS-PKA-mcn (UAS-CA-PKA) (Li et al., 1995)); UAS-ManII-eGFP (Zheng
et al., 2008); UAS-FYVE2-GFP (Wucherpfennig et al., 2003); UAS-Kin-
βGal and UAS-Nod-βGal (Clark et al., 1997; Ye et al., 2007; Zheng et al.,
2008); UAS-Rab5(S43N) (Entchev et al., 2000; Satoh et al., 2008).
Dynein mutants: dlic21157 (Zheng et al., 2008), roblMB and lisG10.14
(Bloomington Stock Center). Full genotypes for each experiment
shown in the ﬁgures can be found in the Supplementary information.
Clones
MARCM experiments were performed as previously described
(Grueber et al., 2002; Lee and Luo, 1999; Shrestha and Grueber, 2011).
Site-directed mutagenesis
cDNAs clones used for cloning PKA-C1 cDNA and for mutagenesis
were obtained from the Drosophila Genomics Resource Center (DGRC).
The clones and primers used are shown in Tables S1 and S2. The
ampliﬁed PCR products were cloned into pGEM-T Easy (Promega) and
veriﬁed by sequencing. Mutagenesis was performed entirely by using
QuikChange Multi Site-Directed Mutagenesis Kit (Stratagene), accord-
ing to the instructions provided by the manufacturer. The mutated
DNA base pairs and amino acids are shown in Table S3.
Construct design and transgenesis
Cloning Tub1α-PKA-C1: This construct was generated in this study
in an attempt to produce lower levels of expression of PKA. A plasmid
containing the sequence for the alpha tubulin promoter and its
regulatory sequence was acquired from Gary Struhl (Columbia Uni-
versity, New York, USA). The alpha tubulin regulatory sequence,
2363 bp long, was excised using NotI and KpnI sites and cloned into
pattB vector (which does not contain UAS sequence), followed by
subsequent cloning of the cDNA for PKA-C1 with previously conﬁrmed
sequence. The resulting construct fusion sequence was veriﬁed using
diagnostic digests. Cloning of the previously mutated variants into the
pUAST-attB vector: The mutated alleles were ampliﬁed by PCR using
proof-reading Taq polymerase (Platinum Hi-Taq, Invitrogen) from the
initial pGEM-T Easy constructs. The forward primers contained the
required restriction site to match the MCS of pUAST-attB (Bischof et al.,
2007), followed by HA-tag, Drosophila KOZAK sequence, an ATG
START site and ﬁnally the full cDNA of the mutated allele. Primers
used can be found in Table S4. Cloning into pGEX for protein
puriﬁcations and subsequent in vitro phosphorylation: cDNAs cloned
into pGEM-T Easy plasmids were excised and sub-cloned into pGEX-
6P-1 vectors using the restriction sites inserted into pGEM-T Easy
together with the initial cDNA PCR product. The restriction sites used
were: Rab5 (Eco-RI/NotI), robl (Eco-RI/NotI), Lis1 (XhoI/Not I), Dlic
(EcoR-I/XhoI), DIC (Eco-RI/XmaI). The Drosophila line used for injec-
tions of transgenic constructs was attP-68E (Bischof et al., 2007).
Protein puriﬁcations
Shot BL21(DE3)pLysS (Invitrogen) E.coli strain was used to express
recombinant proteins. The cells were transformed with pGEX con-
structs. A single colony was incubated O/N in LB media supplied with
Carbamicine (Carb, 100 μg/ml). Next morning 100 ml LBþCarb was
inoculated in a 500 ml ﬂask with 5 ml of the O/N culture and grown at
37 1C until OD600¼0.8. At OD600¼0.8, 0.1 mM IPTG ﬁnal concentration
was added to induce protein expression for 2-3 h. The cells were
collected by centrifugation and each pellet was re-suspended in 10 ml
GST binding buffer (25 mM Tris–HCl pH7.5, 150 mM NaCl, 1 mM
EDTA) supplied with protease inhibitors (Halt Protease Inhibitor
Cocktail, Pierce). 0.5% ﬁnal concentration of Triton-X-100 was added
to the suspension, which was frozen at 70 1C O/N. Cells were thawed
and sonicated and debris was removed by centrifugation for 30 min at
3000 rpm, at 4 1C. Clear supernatant containing soluble proteins was
transferred to fresh tubes and 500 μl pre-washed Glutathione beads
were added to obtain binding by rocking at 4 1C for 2 h. The beads
were rinsed quickly three times in binding buffer, and the washed
beads containing bound recombined GST protein were stored at 4 1C
to be used for the in vitro phosphorylation.
In vitro phosphorylation
The in vitro reactions were composed of: 100 ng puriﬁed GST-
bound protein on beads, 25 μΜ cold ATP, 2.5 U PKA enzyme (Protein
Kinase A Catalytic Subunit from bovine heart; Sigma), and 1 μCi [γ32]
ATP. The reactions were incubated for 30 min at 30 1C and stopped by
adding gel loading buffer (ﬁnal concentrations: 2% SDS, 10% Glycerol,
0.06 M Tris pH 6.8, and 5% β-mercaptethanol) and incubating at 95 1C
for 5 min. The beads were loaded on SDS-PAGE gels for electrophor-
esis, after which the gels were wrapped in a plastic membrane and
exposed for autoradiography during 1 h at 80 1C and using
Kodak ﬁlms.
Immunohistochemistry and image analysis
Antibodies and dilutions used are: chicken a-GFP, 1:1000
(Abcam), mouse a-mCD8 (Invitrogen, 1:100), polyclonal Rabbit
a-DCO (a–PKA-C1; 1:100, (Lane and Kalderon, 1995)), a-Futsch
(monoclonal mouse 22C10, 1:100; DSHB), rabbit a-βGal, 1:500
(Invitrogen). Secondary antibodies used are: Cy2-, Cy5- and RRX-
conjugated secondary antibodies (1:200; Jackson Immunore-
search). Dissections and staining of 3rd instar larvae were per-
formed as previously described (Grueber et al., 2002), and for the
washes PBS with 0.3% Triton X-100 was used. Images of the
stained and permanently ﬁxed larval preparations were collected
on Zeiss LSM510 and Leica confocal microscopes. Dendrites were
manually traced using Neurolucida (MBF Bioscience) and analyzed
using Neurolucida Explorer (MBF Bioscience). To count Golgi
outposts and early endosomes, markers were used in Neurolucida,
followed by Scholl analysis.
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